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Cells in maize (Zea mays) endosperm undergo multiple cycles of endoreduplication, with some attaining DNA contents

as high as 96C and 192C. Genome amplification begins around 10 d after pollination, coincident with cell enlargement and

the onset of starch and storage protein accumulation. Although the role of endoreduplication is unclear, it is thought to

provide a mechanism that increases cell size and enhances gene expression. To investigate this process, we reduced

endoreduplication in transgenic maize endosperm by ectopically expressing a gene encoding a dominant negative mutant

form of cyclin-dependent kinase A. This gene was regulated by the 27-kD g-zein promoter, which restricted synthesis of the

defective enzyme to the endoreduplication rather than the mitotic phase of endosperm development. Overexpression of

a wild-type cyclin-dependent kinase A increased enzyme activity but had no effect on endoreduplication. By contrast,

ectopic expression of the defective enzyme lowered kinase activity and reduced by half the mean C-value and total DNA

content of endosperm nuclei. The lower level of endoreduplication did not affect cell size and only slightly reduced starch

and storage protein accumulation. There was little difference in the level of endosperm gene expression with high and low

levels of endoreduplication, suggesting that this process may not enhance transcription of genes associated with starch

and storage protein synthesis.

INTRODUCTION

Endoreduplication is a form of polyploidization that occurs in

somatic cells of many eukaryotes (Brodsky and Uryvaeva, 1977).

It is the result of a cell cycle in which part or all of the genome is

replicated without subsequent sister chromatid separation,

nuclear division, and cytokinesis (Edgar and Orr-Weaver, 2001).

In animals, endoreduplication occurs in a variety of cells and

tissues, where it is thought to be related to differentiation, cell

size, and the level of gene expression (White, 1973; Zimmet and

Ravid, 2000). In plants, endoreduplication occurs in cells of

vegetative tissues (Traas et al., 1998; Cebolla et al., 1999) as well

those related to flowering (Kudo and Kimura, 2002), embryo-

genesis (Nagl, 1974; Lemontey et al., 2000), endosperm de-

velopment (Kowles and Phillips, 1985), and fruit formation

(Joubès et al., 1999). Despite its widespread occurrence in

plants, the function of endoreduplication and mechanism(s) by

which it occurs remain poorly understood. Based on its temporal

relationshipwith cell expansion and increasedmetabolic activity,

endoreduplication is generally thought to provide a mechanism

for increasing cell size and gene transcription (Sugimoto-Shirasu

and Roberts, 2003). Notably, the degree to which endoredupli-

cation occurs in seed storage tissues has been correlated

with the accumulation of starch and storage proteins as well as

yield (Kowles et al., 1992; Cavallini et al., 1995; Lemontey et al.,

2000).

Maize (Zea mays) endosperm provides a useful model system

to investigate the mechanism of endoreduplication and study its

physiological consequences in a seed storage tissue. Endo-

sperm tissue is a major portion of the maize kernel and is the

fusion product of two polar nuclei and one sperm nucleus during

fertilization. In the initial phase of development, the triploid

endosperm nucleus undergoes synchronous divisions without

cytokinesis, forming a syncitium composed of several hundred

nuclei (Kiesselbach, 1949). Cell walls form around the nuclei, so

that by 4 d after pollination (DAP) the endosperm is completely

cellularized. A rapid period of growth follows that is marked by

numerous cell divisions and the differentiation of several cell

types: aleurone, basal endosperm transfer cells, embryo-

surrounding cells, and starchy endosperm (Olsen, 2001). This

mitotic phase of development is essentially complete by 10 to 12

DAP, after which cell divisions are primarily restricted to periph-

eral regions of the endosperm. At this time, cells in the central

starchy endosperm cease to divide and start to engage in

multiple cycles of DNA endoreduplication (Kowles and Phillips,
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1985; Dilkes et al., 2002). Coincidentally, these cells become

enlarged and begin to accumulate starch and storage proteins

(Lopes and Larkins, 1993). Accumulation of storage metabolites

continues until 40 to 45 DAP, but beginning around 20 DAP, the

large central starchy endosperm cells begin to undergo pro-

grammed cell death (Young et al., 1997); this process progresses

from the center of the endosperm toward the crown and then the

base, finally affecting the entire tissue except the aleurone cells

(Young and Gallie, 2000).

Cell cycle regulation is well characterized in yeast and animals,

and many details of the molecular mechanisms regulating this

process are known. Progression through its different phases (G1,

S, G2, and M) is controlled by a class of heterodimeric protein

kinases composed of a catalytic subunit called a cyclin-

dependent kinase (CDK) and a regulatory subunit, cyclin

(Morgan, 1997). Many classes of CDKs have been identified in

animals, and functional homologs of the yeast p34cdc2/cdc28

were widely demonstrated to be involved in central cell cycle

functions (Morgan, 1997). These enzymes have a highly con-

served amino acid sequence, including a PSTAIRE motif

involved in cyclin binding. Among the substrates of these

enzymes are proteins involved in CDK regulation, DNA replica-

tion, actin polarization, spindle assembly, and mitosis (Ubersax

et al., 2003).

Cell cycle regulation in plants is less well characterized than in

yeast and model animal systems, but during the past decade,

many important genes have been identified, and we have begun

to gain some understanding of their function and regulation

(Vandepole et al., 2002; DeWitte and Murray, 2003). These

studies have shown that plant and animal cell cycle proteins

are highly conserved, as are some aspects of their regulation. In

plants, p34cdc2/cdc28 homologs, referred to as type A CDKs

(CDKA), contain the conserved PSTAIRE motif (Joubès et al.,

2000), and they appear to control cell cycle progression much in

the way it occurs in yeast and animal cells.

The endoreduplication cell cycle is a variant of the standard

mitotic cell cycle in which there are recurrent S- and G-phases

without M-phase (Edgar and Orr-Weaver, 2001). The mecha-

nisms that enable cells to sequentially replicate chromosomes

without progressing through M-phase have recently begun to be

investigated, and they involve modulating the levels of CDK

activity. Low levels of CDK activity during the G1-phase permit

the formation of prereplication complexes (ORC proteins, Cdc6,

Cdt1/Dup1, andMCMproteins) at origins of replication, licensing

DNA for replication while inhibitingM-phase induction. Cdc6 and

MCMproteins dissociate from these complexes during S-phase,

when levels of CDK activity are high. A subsequent reduction of

S-phase CDK activity, resulting from cyclin destruction and

accumulation of CDK inhibitors, allows origins of replication to

become relicensed for another round of DNA replication (Edgar

and Orr-Weaver, 2001; Larkins et al., 2001). Based on the

conservation of cell cycle regulation in plants and animals, it is

likely that the mechanisms associated with endoreduplication

are also conserved between plants and animals. There have

been relatively few studies that address the molecular details of

endoreduplication in plants, but several examples support this

hypothesis (Grafi and Larkins, 1995; Grafi et al., 1996; Cebolla

et al., 1999; Sun et al., 1999a, 1999b).

Dominant negative mutations of CDKs have been useful for

revealing specific functions of different classes of these enzymes

in human (Vandenheuvel and Harlow, 1993), yeast (Fleig and

Nurse, 1991), and plant cells (Hemerly et al., 1995, 2000). In this

study, we examined the function of maize Zeama;CDKA;1

(CDKA) in the endoreduplication cell cycle by expressing a gene

encoding a dominant negative mutant form of the enzyme in the

endosperm of transgenic maize. This gene (cdc2ZmA) was

previously described by Colasanti et al. (1991), although studies

to describe specific cell cycle functions and regulation of the

enzyme it encodes have not been reported. A mutant form of

the enzyme was created by converting Asp146 to Asn146. This

modification does not affect interaction with a cyclin, but it

blocks ATP binding, resulting in the loss of kinase activity. By

overexpressing this mutated gene in endosperm with the 27-kD

g-zein promoter, the endogenous wild-type CDKA was diluted,

leading to lower CDKA activity. Because the 27-kD g-zein

promoter is activated from 10 to 12 DAP, only the endoredupli-

cation phase of endosperm development was affected. Using

this approach, we were able to investigate the effect of endore-

duplication on gene expression and examine the consequence

of reduced endoreduplication on the growth and development of

endosperm cells.

RESULTS

Construction of Transgenic Maize Plants Overexpressing

Endosperm-Specific CDKA-WT and CDKA-DN Genes

To create a dominant negative mutant of the CDKA expressed in

maize endosperm, we obtained a cDNA clone corresponding

to the maize p34cdc2 (cdc2ZmA) described by Colasanti et al.

(1991). An oligonucleotide encoding the hemagglutinin (HA)

epitope was inserted in a HindIII site at the 59 end of the mRNA

coding sequence to distinguish the protein encoded by this gene

(CDKA-WT) from the endogenous CDKA. A mutation in the

coding sequence of CDKA-WT that converted Asp146 to Asn146

was made by site-directed mutagenesis, creating the CDKA-DN

gene. As a consequence of this mutation, the ATP-dependent

phosphorylation activity of the CDK was lost, and a dominant

negative mutation was created (Fleig and Nurse, 1991;

Vandenheuvel andHarlow, 1993). These sequences were cloned

into the pHP3630 expression vector, which directs high levels of

endosperm-specific expression via the 27-kD g-zein promoter

(Russell and Fromm, 1997). The CDKA-WT and CDKA-DN

constructs were introduced into maize embryos along with

a selectable marker gene (moPAT) by particle bombardment;

herbicide-resistant calli containing the recombinant genes were

cultured on selective media, and plants were regenerated

(Gordon-Kamm et al., 2002). Several transformation events were

recovered for theCDKA-WT transgene, but only twoevents could

be regenerated for the CDKA-DN construct. Preliminary analysis

by flow cytometry and immunoblotting revealed similar pheno-

types for both CDKA-DN events. Therefore, we selected the

apparently highest expressing transgenic event of each con-

struct for detailed biochemical analysis. T1 plants were back-

crossed to theB73 inbred, and the resulting (BC2andBC3) seeds

were used for flow cytometric and biochemical analyses.
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CDKA-DN Protein and RNA Accumulate at High Levels

during Endosperm Development

The expression levels of the CDKA-WT and CDKA-DN trans-

genes were assessed in developing endosperm by immuno-

blotting and RNA transcript analysis. Figure 1 shows the

developmental accumulation of protein and RNA transcripts

encoded by the CDKA-DN gene in endosperm between 12 and

18 DAP. Based on immunodetection with a monoclonal HA-

antibody, the recombinant protein was present by 12 DAP

(Figure 1A), after which its concentration appeared to remain

relatively constant. Immunoblotting with a polyclonal anti-CDKA

antibody detected both the endogenous CDKA and the recombi-

nant CDKA-DN protein. The transgenic protein had a slightly

slower electrophoretic mobility, which was most likely a con-

sequence of the HA-epitope tag. Based on the intensity of

immunostaining, it appeared that the ratio of the recombinant to

the endogenous CDK increased from 1:1 to >5:1 as the endo-

sperm developed. However, this difference in protein concen-

tration was not reflected at the RNA level. RT-PCR analysis of

RNA from endosperm of independent transgenic and nontrans-

genic kernels revealed extremely large differences in steady

state transcript levels (Figure 1C). Based on phosphoimaging

analysis, the radioactivity measured for the CDKA-DN and

endogenous CDKA RT-PCR products showed an ;100-fold

difference at 16 DAP, indicating that the 27-kD g-zein promoter

resulted in much higher levels of transcription than that of the

endogenous CDKA gene. Similarly, high levels of expression

were measured for the CDKA-WT transgene (data not shown).

Expression of CDKA-WT and CDKA-DN Alters Protein

Kinase Activity in Developing Endosperm

To determine whether CDKA-WT encoded a functional CDK

and if expression of CDKA-DN reduced CDK activity in develop-

ing endosperm, HA-immunoprecipitated and p13suc1-adsorbed

CDKactivity inwild-type and transgenic kernelswere assayed by

histone H1 phosphorylation. Endosperms from 12 DAP kernels

were genotyped based on expression of the HA-epitope tag (top

panels of Figures 2A to 2D). Figure 2A shows that the HA-

antibody immunoprecipitated histone H1 kinase activity from

CDKA-WT endosperms but not from those of nontransgenic

kernels. Consistent with this, there was more p13suc1-adsorbed

histone H1 kinase activity from CDKA-WT than nontransgenic

endosperm (Figure 2B). Based on the relative level of histone H1

phosphorylation, there was;50%more kinase activity in trans-

genic compared with control endosperms, although we did not

systematically measure this difference. These results demon-

strated that the protein encoded by the CDKA-WT gene is

a functional CDK and that increased kinase activity was present

in the endosperm.

Although immunoprecipitation with HA-antibody of CDKA-DN

endosperm extracts recovered the epitope-tagged protein, the

enzyme had no detectable histone H1 kinase activity (Figure 2C).

When extracts from endosperms expressing the mutant CDK

were incubated with p13suc1 beads, measurable levels of histone

H1 kinase activity were detected, but they were about half of

those recovered from the nontransgenic endosperms (Figure

2D). Consequently, it appeared that expression of the CDKA-DN

gene markedly reduced the level of CDK activity in developing

endosperm.

High Levels of CDKA-DN Expression Reduce

Endoreduplication during Endosperm Development

To determine the effects of CDKA-WT and CDKA-DN expression

on endoreduplication, developing endosperms from at least 20

kernels were analyzed by flow cytometry and genotyped by HA-

immunoblotting. Whereas overexpression of the CDKA-WT gene

had no influence on the degree of endoreduplication in de-

veloping endosperm (data not shown), endosperms expressing

CDKA-DN showed clear evidence of reduced endoreduplication

by 12 DAP. Figure 3 shows representative flow cytometric

profiles of nuclei from 8 to 18 DAP endosperms obtained from

a BC2 ear segregating for the CDKA-DN transgene, and Figure 4

presents an analysis of these data. At 8 DAP, during the period of

mitotic growth and development, 3C and 6C nuclei were present

in similar proportions in the transgenic (Figure 3A) and control

(Figure 3F) endosperms. However, by 12 DAP, which coincided

with accumulation of detectable levels of CDKA-DN protein in

transgenic endosperm (Figure 1), there was evidence of reduced

Figure 1. Detection of CDKA-DN Expression in Developing Transgenic

Maize Endosperms.

Endosperm protein extracts (40 mg/lane) from 8- to 18-DAP kernels were

separated by 12.5% SDS-PAGE and blotted onto nitrocellulose.

(A) Immunoblotting with monoclonal anti-HA antibody detected a 36-kD

protein corresponding to CDKA-DN.

(B) Immunoblotting with polyclonal anti-CDKA antibody detected CDKA-

DN and a 34-kD protein corresponding to the endogenous CDKA.

(C) CDKA transcripts were detected in 16-DAP endosperm by semi-

quantitative RT-PCR using gene-specific primers to amplify the trans-

gene (CDKA-DN), both the endogenous and transgenic CDKA (CDKA þ
CDKA-DN), and actin, which was used as loading control. RT-PCR

products from individual CDKA-DN endosperms are shown in the first

two lanes (CDKA-DN), and those from nontransgenic controls are in the

last two lanes (control).
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endoreduplication in the mutant. At this early stage of develop-

ment, 3C, 6C, 12C, and 24C nuclei were detectable in the non-

transgenic control (Figure 3G), whereas only 3C, 6C, and a few

12C nuclei were detected in the CDKA-DN mutant. Between

14 and 18 DAP, endoreduplication progressed in the nontrans-

genic control endosperm (Figures 3H to 3J), as evidenced by the

reduction in the number of 3C nuclei, the increased proportion of

6C, 12C, and 24C nuclei, and the appearance of 48C and 96C

nuclei. By comparison, endoreduplication in endosperms con-

taining the CDKA-DN protein was markedly reduced (Figures 3C

to 3E): there was an increase in the number of 6C and 12C nuclei,

but only a few 24C nuclei formed, and there was no evidence of

nuclei with C-values larger than this.

The effect of reduced endoreduplication in the CDKA-DN

endosperm on the mean C-value and the distribution of nuclei

in various C-value classes is shown in Figure 4. At 8 DAP,

endosperms in the transgenic and nontransgenic kernels both

had a mean C-value of 5.0, but by 18 DAP it was 5.9 in the

CDKA-DN mutant versus 11.9C in the nontransgenic control

(Figure 4A). This twofold reduction in mean C-value in the

CDKA-DN mutant was primarily a consequence of the re-

duction of highly endoreduplicated nuclei. Whereas 37% of

the nuclei in the nontransgenic control were between 12C and

96C, these classes represented 17% of the nuclei in the

CDKA-DN mutant (Figure 4B). Coincidentally, there was a 20%

increase in the relative number of 3C and 6C nuclei in the

CDKA-DN mutant. Figure 4C shows that whereas endoredu-

plicated nuclei with C-values of 12C or greater accounted for

76% of the DNA in control nuclei, they accounted for only

39% of the DNA in the CDKA-DN mutant.

To investigate the spatial effects of CDKA-DN expression

on endoreduplication, endosperms from 14 DAP transgenic

and nontransgenic kernels were examined after staining with

4’,6-diamidino-2-phenylindole (DAPI). Figure 5 shows median

longitudinal sections of CDKA-DN and nontransgenic control

kernels. Normally, endoreduplication commences around 10

DAP in the center of the endosperm and progresses centripetally

toward the aleurone (Kowles and Phillips, 1988; Vilhar et al.,

2002). As evidenced by their larger sizes, nuclei in cells of the

central endosperm region of both the CDKA-DN (Figure 5A) and

nontransgenic control (Figure 5B) had higher C-values than those

in the aleurone and subaleurone cell layers or the 2C nuclei of the

embryo and pericarp. Nuclei near the basal transfer region also

appeared to be more highly endoreduplicated than those in the

starchy endosperm subaleurone region. Expression of the

CDKA-DN gene appeared to affect endoreduplication in nuclei

throughout most of the endosperm; in particular, nuclei in the

very large cells in the center of the endosperm were reduced in

size (cf. region defined by arrows in Figures 5A and 5B). These

effects reflected the temporal and spatial expression of the

27-kD g-zein promoter (Woo et al., 2001) and are consistent with

the reduction in high C-value nuclei (e.g., 24C, 48C, and 96C)

measured by flow cytometry (Figure 3).

The long-term effects of CDKA-DN gene expression on

endoreduplication were assessed by measuring the DNA con-

tent of 35-DAP control and CDKA-DN endosperms. At this stage

of development, the CDKA-DN endosperm contained half as

muchDNA (1.20 versus 2.51mg per 50mgof flour endosperm) as

the nontransgenic control.

CDKA-DN Endosperms Manifest Normal Cell Sizes

A structural comparison was made with CDKA-DN and non-

transgenic control endosperm to assess the consequences of

reduced endoreduplication on cell number and size. Figure 6

shows representative kernels of CDKA-DN endosperms at 13

(Figure 6A) and 19 DAP (Figure 6C), and comparable nontrans-

genic controls are shown in Figures 6B and 6D, respectively. The

morphology of the transgenic and nontransgenic kernels was

comparable at both stages of development: the basal transfer

layer, aleurone, embryo-surrounding region, and starchy endo-

sperm had similar sizes and organization. Indeed, no striking

differences in the number and sizes of cells were observed

among any of the cell types in transgenic and nontransgenic

Figure 2. Assay of Histone H1 Phosphorylation by CDK Immunopre-

cipitates and p13suc1 Pulldowns from Nontransgenic Control, CDKA-WT,

and CDKA-DN Transgenic Endosperms.

The presence or absence of transgenic HA-tagged CDKA in the assay is

indicated in the top panels of (A) to (D); lanes corresponding to trans-

genic and control endosperms are designated.

(A) Histone H1 phosphorylation by HA-immunoprecipitate of 12-DAP

CDKA-WT and nontransgenic control endosperms.

(B) Histone H1 phosphorylation by p13suc1-pulldown of 12-DAP CDKA-

WT and nontransgenic control endosperms.

(C) Histone H1 phosphorylation by HA-immunoprecipitate of 12-DAP

CDKA-DN and nontransgenic control endosperms.

(D) Histone H1 phosphorylation by p13suc1-pulldown of 12-DAP CDKA-

DN and nontransgenic control endosperms.
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endosperms. We measured the average cross-sectional area of

cells in the center of the starchy endosperm because they

showed the greatest reduction in endoreduplication based on

nuclear size. A fixed area was determined in the middle of the

endosperm (Figures 6A and 6C), and the number of cells in this

region was counted in six different CDKA-DN and nontransgenic

endosperms. In this region, the average cell cross-sectional area

at 13 DAP was 5792 6 1103 mm2 and 6954 6 712 mm2 for the

CDKA-DN and nontransgenic control endosperms (cf. Figures

6A and 6B), respectively. At 19 DAP, the sizes were 14,784 6

2265 mm2 and 13,040 6 889 mm2 for the CDKA-DN and

nontransgenic control endosperms (cf. Figures 6C and 6D),

respectively. Statistical analysis (Student’s t test) of these

measurements suggested that, in accordance with our visual

observations, there were no significant differences in the sizes of

starchy endosperm cells in the CDKA-DN and nontransgenic

control endosperms.

Reduced Levels of Endoreduplication in CDKA-DN

Endosperm Have Little Effect on Starch and

Storage Protein Accumulation

To determine if the lower level of endoreduplication in CDKA-DN

endosperm affected starch and storage protein synthesis, we

measured the average dry weight and zein content of mature

transgenic and nontransgenic BC2 kernels. Figure 7A illustrates

that there was no apparent difference in kernel size, and it was

necessary to distinguish the genotypes based on expression of

the HA-epitope in the endosperm (Figure 7B). The average dry

weight of the CDKA-DN kernels (n ¼ 36) was 303 6 28.3 mg,

whereas that of the nontransgenic control (n ¼ 36) was 324 6

30.0mg, suggesting therewas a slight difference (6.5%) in starch

accumulation. To compare storage protein synthesis, the zein

prolamin proteins were separated by SDS-PAGE and stained

with Coomassie blue. Extracts from equal amounts of CDKA-DN

and nontransgenic endosperm flour revealed little difference in

the accumulation of the highly abundant 22- and 19-kD a-zeins

nor the less abundant 50-kD g-zein (Figure 7C). However, there

appeared to be reduced accumulation of the 27-kD g-zein in

CDKA-DN endosperm. This was measured more accurately by

an ELISA with antiserum against the 27-kD g-zein protein

(Wallace et al., 1990). The analysis showed an;17% reduction

in the concentration of the 27-kD g-zein in the transgenic kernels

(Figure 7D).

Gene Expression Assays Show Little Difference between

the Steady State RNA Levels or Gene Transcription

in CDKA-DN and Nontransgenic Control Endosperms

Because the lower level of endoreduplication in CDKA-DN

endosperm appeared to have only minor effects on starch and

storage protein accumulation in mature endosperm, RNA tran-

scripts of genes involved in the synthesis of these products were

examined. Figure 8 shows representative RNA gel blots of RNAs

from 20-DAP endosperm of CDKA-DN and nontransgenic

kernels. The level of 22-kD a-zein RNAs was relatively indistin-

guishable between the two genotypes. As suggested by the

27-kD g-zein protein level, its RNA transcripts were reduced in

Figure 3. Flow Cytometric Analysis of Nuclei from Developing Trans-

genic CDKA-DN and Nontransgenic Control Endosperms.

Nuclei were isolated in PARTEC buffer and analyzed by flow cytometry

as described in Methods.

(A) to (E) Endosperms from 8- to 18-DAP CDKA-DN kernels.

(F) to (J) Endosperms from 8- to 18-DAP nontransgenic control kernels.

C-value is indicated for each nuclear peak.
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CDKA-DN endosperm. There also appeared to be a slight reduc-

tion in RNAs encoding sucrose synthase and granule-bound

starch synthase1 (waxy), but these differences were not signifi-

cant. Thus, the reduced level of endoreduplication in CDKA-DN

endosperm appeared to have relatively modest effects on the

level of the RNA transcripts responsible for starch and storage

protein synthesis.

It is possible that starch and storage protein accumulation in

maize endosperm are not under stringent transcriptional control.

For example, starch synthesis could largely be a consequence of

enzyme levels, and zein storage protein accumulation could

reflect relatively stable steady state RNA levels. Therefore, as

another method to assess the effect of endoreduplication on

gene expression, nuclear run-on transcription assays were done

using 20-DAP transgenic and nontransgenic endosperm. These

assays were based on using equal amounts (fresh weight) of

CDKA-DN and nontransgenic endosperm; hence, each reaction

should have contained approximately equal numbers of nuclei.

Nuclei were isolated by Percoll gradient centrifugation and

added to in vitro transcription reactions containing 32P-CTP to

label the RNA. Upon completion of the reaction, the radioactive

RNA was isolated and incubated with nylon filters containing

immobilized DNA probes. Figure 9A shows representative phos-

phoimages comparing the hybridization of nuclear run-on

transcripts from CDKA-DN endosperm (on the left) and non-

transgenic control nuclei (on the right). The first slot, which

contained DNA corresponding to the CDKA sequence (Colasanti

et al., 1991), showed much higher levels of radioactivity for the

CDKA-DN nuclei compared with the nontransgenic control,

which was not detectable by this assay. Notably, the hybridiza-

tion intensity of the CDKA transcripts from CDKA-DN nuclei was

comparable to that of the 27-kD g-zein in the transgenic and

nontransgenic control nuclear run-on transcription assays

(Figure 9A). The synthesis of RNA transcripts for the 19- and

22-kD a-zeins and 27-kD g-zeins was similar between the two

samples, as were transcripts corresponding to starch biosyn-

thetic enzymes, granule-bound starch synthase (waxy), and

sucrose synthase. Likewise, there were comparable levels of

actin and glyceraldehyde phosphate dehydrogenase transcripts

produced by CDKA-DN and nontransgenic control nuclei.

Figure 9B shows the relative level of nuclear transcripts for

each of these genes compared with that of the 22-kD a-zeins

based on three independent assays. As suggested by the data in

Figure 9A, no significant differences could be detected in the

production of nuclear transcripts for any of these genes, except

CDKA. Based on this analysis, a 50% reduction in the mean

C-value of endosperm nuclei had relatively little effect on the

production of nuclear transcripts for these genes.

DISCUSSION

A Reduction in CDKA Activity Inhibits the Progression

of Endoreduplication Cell Cycles

Since the original cloning of the maize CDKA (Colasanti et al.,

1991), there have been no reports demonstrating its activity in

mitotic cell cycle regulation or endoreduplication, although

Figure 4. Analysis of Flow Cytometric Data Describing Nuclear C-Values

for Developing CDKA-DN and Nontransgenic Control Endosperms.

(A) The mean C-value was calculated for each stage of endosperm

development shown in Figure 3.

(B) Calculation of the percent of nuclei in each C-value class in CDKA-DN

and nontransgenic control endosperm at 18 DAP.

(C) Calculation of the proportion of total DNA contributed by nuclei in

each C-value class in CDKA-DN and nontransgenic control endosperm

at 18 DAP. The error bars show the standard deviation of the measure-

ments.
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immunolocalization of the protein implicated its involvement in

cell division, based on its association with microtubules of the

pre-prophase band and the phragmoplast (Colasanti et al.,

1993). Our results suggest this enzyme is involved in progression

of the endoreduplication cell cycle, most likely by functioning

during the G1/S transition. This hypothesis is based on the

similarity in peak symmetry of the flow cytometric histograms of

nuclei from CDKA-DN and nontransgenic control endosperms.

These data suggest that although there was a delay in the

progression of S-phase in the CDKA-DN mutant, once initiated,

the process of DNA replication was similar to that in the non-

transgenic control.

Overexpression of CDKA-WT had no measurable effect on

endoreduplication, but it led to an increase in p13suc1-associated

histone H1 phosphorylation activity, indicating that the enzyme

was active and associated with a cyclin. Immunoblotting experi-

ments have been done to identify potential cyclin partners that

might be associated with this enzyme, but thus far this approach

has not been successful. That there was no apparent cell cycle

phenotypeassociatedwithoverexpressionof thisenzyme implies

that CDKA is not rate limiting, at least for endoreduplication. This

observation is consistent with that of Hemerly et al. (1995), who

found that constitutive expression of Arabidopsis thaliana wild-

typeCDKA in tobacco (Nicotiana tabacum) cells produced no cell

cycle phenotype. By contrast, expression of CDKA-DN substan-

tially reduced p13suc1-associated kinase activity in the endo-

sperm, and this was associated with a reduction in the number of

endoreduplication cycles such that the final mean C-value was

half that of the nontransgenic control endosperm (Figure 4A).

Regulation by the 27-kD g-Zein Promoter Restricted the

Effects of the CDKA-DN Mutant to the Endoreduplication

Phase of Endosperm Development

The 27-kD g-zein promoter was very useful for overexpressing

the wild-type and CDKA-DN mutant genes because it is not

active during the early, mitotic stages of endosperm develop-

ment and it is highly and uniformly expressed throughout the

starchy endosperm by 10 DAP (Russell and Fromm, 1997; Woo

et al., 2001). Consequently, the physiological effects of reduced

Figure 5. DAPI-Stained Longitudinal Sections of 14-DAP CDKA-DN and Nontransgenic Control Endosperms.

Paraffin-embedded kernels were sectioned near the site of silk attachment and stained with DAPI as described in Methods. CDKA-DN (A) and

nontransgenic (B) control kernels are shown. Arrows identify nuclei of contrasting size in comparable cells of the central starchy endosperm region. The

inset in (A) illustrates the location of the aleurone (Al), starchy endosperm (SE), embryo surrounding region (ESR), basal transfer layer (BTL), and embryo

(E). Bar ¼ 0.5 mm.

1860 The Plant Cell



Figure 6. Comparison of Cell Sizes in CDKA-DN and Nontransgenic Control Endosperms.

Comparison of cell sizes in CDKA-DN ([A] and [C]) and nontransgenic control ([B] and [D]) endosperms at 13 ([A] and [B]) and 19 DAP ([C] and [D]).

Paraffin-embedded kernel sections were double stained with Calcofluor-white and DAPI; the procedure for identification of the region selected for cell

size measurements is described in Methods. The inset in (A) identifies the location of the aleurone (Al), starchy endosperm (SE), embryo surrounding

region (ESR), basal transfer layer (BTL), and embryo (E). Bar ¼ 0.5 mm for (A) and (B); bar ¼ 1.0 mm for (C) and (D).



CDKA activity were restricted to the period of endoreduplication.

The semiquantitative RT-PCR measurements we made (Figure

1C) showed that the steady state level of RNA transcripts

produced by the chimeric CDKA transgene was ;100-fold

greater than that produced by the endogenous CDKA gene.

But despite the much higher level of CDKA-DN gene transcrip-

tion, there appeared to be only an approximately fivefold higher

level of CDKA-DN protein by 18 DAP, suggesting that some form

of posttranscriptional and/or posttranslational regulation led to

lower than expected levels of the mutant protein.

Although the 27-kD g-zein promoter is thought to be endo-

sperm specific, based on the low recovery of transgenic maize

plants expressing CDKA-DN, there appeared to be some degree

of leaky expression in embryogenic calli. Hemerly et al. (1995)

reported somewhat similar results when creating transgenic

plants expressing a CDKA-DN mutant gene under control of

the 35S promoter of Cauliflower mosaic virus. Multiple trans-

formation events expressing an Arabidopsis wild-type CDKA

sequence were regenerated into plants. However, they did not

recover any Arabidopsis plants, and only two transgenic tobacco

plants expressing CDKA-DNwere regenerated. Consequently, it

appears even low expression levels of the dominant negative

Figure 8. RNA Gel Blot Analysis of RNA Transcripts in 20-DAP CDKA-

DN and Nontransgenic Control Endosperms.

Ten micrograms of total RNA was separated electrophoretically in 1.5%

agarose and blotted to nylon membranes as described in Methods. RNA

samples fromCDKA-DN (first two lanes) and nontransgenic control endo-

sperms (last two lanes) are designated. After hybridization, the nylon

filters were exposed to a PhosphorImager screen (A), and the radioac-

tivity was measured by PhosphorImager analysis. The mean radioactive

values for three independent blotting experiments are shown in (B).

Figure 7. Accumulation of Zein Storage Proteins in Mature CDKA-DN

and Nontransgenic Control Endosperms.

(A) A BC2 ear segregating for CDKA-DN and nontransgenic kernels.

(B) Identification of CDKA-DN and nontransgenic kernels based on

immunodetection of the HA-epitope tag. After photographing the ker-

nels, endosperm protein was extracted and separated by 12.5% SDS-

PAGE; immunoblotting was the same as described in Figure 1.

(C) Analysis of zein storage proteins in transgenic CDKA-DN and control

kernels shown in (B). After SDS-PAGE, the gel was stained with

Coomassie blue.

(D) ELISA of 27-kD g-zein in CDKA-DN and control endosperms shown in

(B). Zein proteins were extracted and immobilized for ELISA analysis as

described in Methods.
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mutant CDKA are deleterious to cell division and plant growth

and development.

Based on the slight reduction in level of the 27-kD g-zein RNA

and protein in the CDKA-DN mutant, it appeared this transgenic

event led to a small degree of posttranscriptional gene silencing.

The recombinant gene construct used to regulate expression of

CDKA-DN contained the noncoding regions of the 27-kD g-zein

mRNA, and it is possible that either the 59 or 39 noncoding

sequence of the transcript was responsible for the reduction in

27-kD g-zein synthesis (Brummell et al., 2003).

Expression of CDKA-DN Reduced Endoreduplication

throughout the Endosperm but Had No Effect

on Cell Size

Based on flow cytometric (Figure 3) and microscopic analyses

(Figures 5 and 6), the reduction in CDKA activity resulting from

expression of CDKA-DN affected endoreduplication throughout

much of the starchy endosperm. The most obvious effect was in

the central cells, which normally attain the highest C-values.

Endocyles in these cells were not completely blocked, however,

because a few 12C and 24C nuclei could be detected by flow

cytometry at 14 DAP (Figure 3C). However, these nuclei failed to

undergo additional cycles of endoreduplication because there

was relatively little change in their numbers or C-values between

14 and 18 DAP, and no 48C and 96C nuclei were detected by

flow cytometry. The central starchy endosperm cells begin to

undergo programmed cell death around 20 DAP, so additional

cycles of endoreduplication would not be expected beyond this

stage of development (Young and Gallie, 2000). Expression of

CDKA-DN had less of an impact on endoreduplication in the

peripheral regions of the starchy endosperm in the CDKA-DN

mutant, where the cells typically attain ploidy levels of only 3C

and 6C (Vilhar et al., 2002). Nevertheless, endoreduplication

appeared to have been affected in this region because there was

a slower rate of conversion of 3C to 6C nuclei in the CDKA-DN

mutant than the nontransgenic control (cf. Figures 3D and 3E and

Figures 3I and 3J). Because the DNA content of mature CDKA-

DN endospermwas half that of the nontransgenic control, similar

to the difference measured at 18 DAP, it appeared there was

no further DNA synthesis after mid-development nor a signif-

icant difference in DNA degradation as a consequence of

programmed cell death.

In a recent study of the W22 inbred at 16 DAP, Vilhar et al.

(2002) showed that whereas only 20% of the endosperm cells

had nuclei of 12C and higher, these accounted for 80% of the

endosperm volume. Cells with 3C and 6C nuclei were more

numerous (80%) but occurred primarily at the periphery of the

endosperm, where they accounted for;20%of the volume. Our

flow cytometeric data (Figure 3; data not shown) suggested that,

at a comparable stage of development,;14%of the nuclei in the

Figure 9. Levels of Nuclear Transcripts in CDKA-DN and Nontransgenic Control Endosperms.

(A) Illustration of an autoradiograph obtained after hybridization of RNAs obtained by in vitro run-on transcription with CDKA-DN (left) and nontransgenic

control nuclei (right) 20 DAP. l DNA was used as a background control; slot blots corresponding to 19- and 22-kD a-zeins and 27-kD g-zeins, waxy,

sucrose synthase (SuSy), glyceraldehyde phosphate dehydrogenase (GAPDH), and actin are indicated.

(B) Mean values of hybridization intensities calculated for three independent run-on transcription assays with 18-DAP CDKA-DN and nontransgenic

control endosperm nuclei. The error bars indicate the standard deviation of the measurements.
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nontransgenic control endosperm were 24C to 96C, but these

high endoreduplication classes accounted for only 3% of the

nuclei in CDKA-DN mutant endosperm. Approximately 70% of

the nuclei in the nontransgenic control were 3C and 6C, whereas

these two classes accounted for 84% of the nuclei in the CDKA-

DN mutant. These results suggest that a small number of nuclei

in the center of the CDKA-DN starchy endosperm had two

and rarely three cycles of endoreduplication, but the process

was arrested at one or no cycles in most cells. Consequently,

whereas the mean C-value for nuclei in the CDKA-DN and non-

transgenic control endosperms differed twofold, this value was

most likely even greater for cells that contributed to most of the

endosperm volume in the CDKA-DN mutant.

The reduced level of endoreduplication in the CDKA-DN

endosperm affected the size of nuclei, particularly those in the

central starchy endosperm cells (Figure 5), but it had little or no

effect on cell size (Figure 6). Systematic measurement of the

sizes of central endosperm cells in the CDKA-DN mutant and

nontransgenic control at 13 and 19 DAP revealed fundamentally

no difference in their average diameters and, hence, volumes.

We did not attempt to measure the sizes of cells in the peripheral

and basal regions of the endosperm because they are generally

small and undergo only one or two cycles of endoreduplication.

Consequently, it would have been difficult to evaluate the re-

lationship between changes in endoreduplication and cell size in

these areas. If there is a linkage between cell size and endo-

reduplication, it was effectively uncoupled by the low levels of

CDKA activity in the CDKA-DN mutant. This result brings into

question the relationship between nuclear size and cell volume,

which has often been attributed to endoreduplication (Traas

et al., 1998; Lemontey et al., 2000; Kudo and Kimura, 2002;

Sugimoto-Shirasu and Roberts, 2003). However, it should be

noted that this relationship has been questioned by others

(Gendreau et al., 1998; Joubès and Chevalier, 2000), and Kowles

et al. (1990) proposed that endoreduplication and cell size might

not be tightly coupled in maize endosperm. This hypothesis was

supported by the variation in cell volume and degree of endo-

reduplication observed in wild-type and miniature1 endosperm

(Vilhar et al., 2002).

Reduced Levels of Endoreduplication Had Little Effect

on Gene Expression in Maize Endosperm

A second function generally ascribed to endoreduplication is an

increase in the level of gene transcription. Several previous

reports provided indirect evidence supporting this relationship

(Kowles et al., 1992; Engelen-Eigles et al., 2000; Lemontey et al.,

2000), but these studies were largely correlative and endoredu-

plication could not be separated from pleiotropic effects asso-

ciated with physiological changes or environmental effects.

Surprisingly, we found only a modest (6.5%) reduction in aver-

age seed weight for the CDKA-DN mutant compared with the

nontransgenic control. Because 90% of the kernel dry weight

reflects starch accumulation, this implies that gene expression

related to starch synthesis was only modestly affected by the

reduction in endoreduplication. Likewise, with the exception of

27-kD g-zein protein accumulation, which could have been

affected by posttranscriptional gene silencing, there was rela-

tively little difference in zein storage protein synthesis in CDKA-

DN and nontransgenic control endosperm (Figure 7). The minor

differences in starch and storage protein accumulation in CDKA-

DN and nontransgenic control kernels were reflected in the

steady state levels of the corresponding RNAs in developing

endosperm (Figure 8).

Because accumulation of these storage metabolites might

reflect relatively long-lived mRNAs and stable enzymes, we also

measured the relative levels of nuclear transcripts of the corre-

sponding genes. For this analysis, we compared nuclei from

equal fresh weight samples of 20 DAP endosperm tissue of

homozygous CDKA-DN and nontransgenic control kernels. We

assume these reactions contained approximately equal numbers

of nuclei because there was no difference in endosperm cell size

at this stage of development (Figures 6C and 6D). When the DNA

content of nuclear samples used in these reactions was mea-

sured, those from CDKA-DN endosperm contained half the

amount found in the nontransgenic control (data not shown),

consistent with the mean C-values measured by flow cytometry.

Based on this rather sensitive measure of gene expression, no

difference in the level of transcription in populations of nuclei that

averaged ;6C for the CDKA-DN mutant and 12C for the non-

transgenic control was detected (Figure 9). This result suggests

that gene transcription per nucleus was nearly the same, regard-

less of the C-value. Alternatively, the contribution of nuclear

transcripts fromhighly endoreduplicated nuclei (12Candgreater)

in the nontransgenic control was not detectable by this assay.

These data imply that endoreduplication is inconsequential

for the increased levels of gene expression required to support

starch and storage protein synthesis. This hypothesis is also

supported by results from previous experiments in which zein

RNAs were detected by in situ hybridization (Woo et al., 2001).

Between 10 and 15 DAP, the concentration of 27-kD g-zein RNA,

as well as other types of zein RNAs, were fairly uniform through-

out the starchy endosperm, in spite of the fact that the central

cells are more highly endoreduplicated. Although these experi-

ments were not designed to quantitatively measure RNA con-

centration, theywere done in probe excess and differences in the

concentration of specific zein transcripts (e.g., 22-kD a-zeins)

were detected in some cells of the starchy endosperm.

There are, nevertheless, extenuating factors that could in-

fluence these conclusions. We measured steady state levels of

RNAs and nuclear transcription in 20 DAP endosperm (Figures 8

and 9), a period that typically coincides with the peak of RNA,

DNA, and protein synthesis (Young and Gallie, 2000). Conse-

quently, we expect these measurements reflected the peak of

gene expression in developing endosperm. However, coincident

with this period of development, the central endosperm cells,

particularly those with the highest level of endoreduplication,

begin to undergo programmed cell death (Young and Gallie,

2000). Unfortunately, little is known about transcription and

translation in the central cells of the starchy endosperm at 18

to 20 DAP. Viability staining indicated that these cells begin to

lose membrane integrity around this time (Young et al., 1997),

and in situ hybridization suggested that zein RNAs are not

retained within them (Woo et al., 2001). Endosperm extracts

showed an increase in nuclease activity beginning around 24

DAP (Young et al., 1997), and by 28 DAP nucleosomal fragments
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could be detected (Young and Gallie, 2000). However, our flow

cytometric analysis of 20-DAP endosperm nuclei provided no

evidence of chromatin breakdown; the nuclei were intact and

showed no evidence of fragility. We did not detect nuclei larger

than 96C by flow cytometry analysis of 20-DAP endosperm

extracts, but this is typical (Kowles et al., 1990; Dilkes et al.,

2002). There are not many of these nuclei (Vilhar et al., 2002), and

their large size and fragility makes them subject to damage by

starch (Dilkes et al., 2002).

We observed no evidence indicating that the highly endo-

reduplicated nuclei (e.g., 24C, 48C, and 96C) in cells of the

nontransgenic control endosperm were damaged or transcrip-

tionally inactive in the run-on assay. Numerically, these ac-

counted for ;20% of the nuclei, and they were only 2 to 3% of

the nuclei in endosperm extracts from the CDKA-DN mutant.

Although the number of these nuclei is small, they accounted for

more than half of the genomes represented in the assay (Figure

4C). If we conclude that the highly endoreduplicated nuclei are

transcriptionally inactive, the inability to detect differences in

level of RNAs in run-on transcription assays with control and

CDKA-DN nuclei at 20 DAP could be explained on the basis that

the number of 3C and 6C nuclei in these assays differed by only

20%. Resolution of questions relating to the transcriptional

activity of endoreduplicated nuclei will require thatwe investigate

the structure of DNA and chromatin in nuclei with markedly

different C-values and measure the transcriptional activity of

nuclei in specific C-value classes. Alternatively, methods tomore

effectively reduce or eliminate endoreduplication cycles will

need to be found.

Endoreduplication in the endosperm and cotyledons of de-

veloping seeds is widely believed to provide a mechanism for

increasing cell size and gene expression. However, as reviewed

by Kowles et al. (1986), it could also occur as a mechanism to

provide a store of phosphate and nucleotides for the developing/

germinating embryo. Unfortunately, little research has been

published in which this process was investigated (see Wildon

et al., 1971). It is well documented that endosperm contains

nucleases and that the DNA in the central cells of the starchy

endosperm starts to become degraded around 20 DAP (Young

and Gallie, 2000). Though we cannot yet rule out a role in gene

transcription, we must seriously consider the hypothesis that

endoreduplication in maize endosperm functions primarily to

provide a store of nucleotides during embryogenesis and/or

germination.

METHODS

Construction of Recombinant Wild-Type Zeama;CDKA;1

(CDKA-WT) and Zeama;CDKA;1D146N (CDKA-DN) Genes

and Creation of Transgenic Maize Plants

A maize CDKA cDNA (Colasanti et al., 1991) was mutated in vitro as

described by Hemerly et al. (1995), such that the Asp at position 146

was replaced with Asn. Conversion of Asp146 (GAC) to Asn146 (AAC) was

performed with a Transformer site-directed mutagenesis kit (Clontech,

Palo Alto, CA) using the mutagenic primer, 59-GCACTGAAGCTTG-

CAaACTTTGGTTTAGCCAG-39; the nucleotide sequence alteration was

confirmed by DNA sequencing. For both the wild-type and mutant CDKA

sequences, an oligonucleotide encoding the HA-epitope (nine amino

acids) was inserted into a HindIII site at the 59 end of the mRNA coding

sequence, seven amino acids after the first Met residue. The CDKA-WT

andCDKA-DN sequenceswere then cloned into pHP3630, an expression

vector that contains the maize 27-kD g-zein promoter and 59 noncoding

sequence (Lopes et al., 1995), a multiple cloning site, and the 27-kD

g-zein 39 noncoding sequence and transcriptional terminator. The CDKA-

WT and CDKA-DN constructs were introduced into scutellar cells of the

maize Hi-II genotype along with a selectable marker plasmid that

contained a maize-optimized phosphinothricin acetyl transferase

(moPAT) gene and moGFP (moPAT;moGFP). Particle-mediated trans-

formation, selection of herbicide resistant calli, and regeneration of fertile

plants were essentially as described by Gordon-Kamm et al. (2002). Initial

genotyping was done with endosperms of T1 kernels; transgenic plants

were backcrossed using pollen from a B73 inbred line. With exception of

the nuclear run-on transcription assays, which were done with kernels

from homozygous BC3-S2 ears, the data reported were obtained with

developing or mature kernels from segregating BC2 or BC3 ears.

Immunodetection of Endogenous and Transgenic CDKA

Dissected endosperms were ground in three volumes of NETT buffer

(20 mM Tris-HCl, pH 8.0, 100 mM NaCl, 20 mM EDTA, 0.5% Triton

X-100, 5 mM NaF, 1 mM Na orthovanadate, with freshly added 1 mM

phenylmethylsulfonyl fluoride, and 1 mM DTT) and protease inhibitor

cocktail (10 mM benzamidine, 1 mg/mL of phenanthroline, 10 mg/mL of

aprotinin, 10 mg/mL of leupeptin, 10 mg/mL of pepstatin A, and 10 mM

sodium bisulfate dissolved in ethanol). The extract was cleared by

centrifugation at 14,000g in an Eppendorf microfuge at 48C (Eppendorf,

Hamburg, Germany), and the protein concentration of the supernatant

was determined by Bradford assay (Bio-Rad, Hercules, CA). Forty micro-

grams of protein from each sample was separated by 12.5% SDS-PAGE

and blotted onto nitrocellulose using a wet transfer apparatus (Bio-Rad

mini trans-blot cell) at 200 Vh. The membrane was blocked with TTBS

(20 mM Tris-HCl, pH 7.5, 150 mM NaCl, and 0.05% Tween 20) contain-

ing 1.5% nonfat milk for 1 h, followed by overnight incubation on a

rotating plate with a 1:10,000 dilution of mouse monoclonal anti-HA

epitope tag (12AC5; Roche, Basel, Switzerland) or rabbit polyclonal

anti-ZmCDKA antibody (our unpublished data). After three washes with

TTBS, the membranes were incubated 2 h with the appropriate second-

ary antiserum, either anti-mouse IgG conjugated with horse radish

peroxidase (Roche) or anti-rabbit IgG conjugated with horse radish

peroxidase (Sigma, St. Louis, MO). Filters were washed in TTBS three

times and incubated with chemiluminescent substrate (SuperSignal West

Pico; Pierce, Rockford, IL) for 5 min. The membranes were exposed to

x-ray film for 10, 30, and 60 s, which was developed using a Konica

developer (Konica QX13A plus; Tokyo, Japan).

CDKA Immunoprecipitation, Pull-Down, and Histone H1

Phosphorylation Assays

For immunoprecipation of HA-tagged CDKA, three endosperm halves

from 12 DAP transgenic kernels expressing the epitope-tagged CDKA

were ground in 600 mL (approximately three volumes) of NETT buffer,

cleared as for immunoblotting, and the supernatant (;4.2 mg of protein)

was preincubated with 40 mL of a slurry of Protein-A agarose beads

(Sigma) by rocking at 48C for 1 h. After removal of the agarose beads with

a quick spin in the microfuge, 2 mg of anti-HA monoclonal antibody was

added and incubated for 1 h on the rocker at 48C. Subsequently, 40 mL of

Protein-A agarose beads was added and the mixture incubated for 2 h as

previously described. The Protein-A agarose beads were collected by

centrifugation and washed three times with NETT buffer and once with

kinase buffer (50mMTris-HCl, pH 7.5, 20mMEGTA, 10mMMgCl2, 1mM
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DTT, and 1 mM b-glycerol phosphate); 5-mL aliquots were used for

immunoblotting as previously described.

p13suc1 pull-downs were performed similarly to the immunoprecipita-

tions, except endosperm extract was preincubated with glutathione

agarose beads (Sigma) (Grafi and Larkins, 1995). Forty microliters of

a GST-p13suc1 slurry (;5 mg of protein) bound to glutathione agarose

beads was added to the cleared extract and incubated for 3 h at 48C and

washed as described for immunoprecipitations.

The kinase activity associated with immunoprecipitates or p13suc1-

pulldowns was assayed by histone H1 phosphorylation. Agarose beads

were incubated in 7 mL of kinase buffer, 1 mL of 2.5 mg/mL histone H1

(Sigma), 1 mL of 4 mM ATP, and 1 mL of [g-32P]ATP (10 mCi/mL)

(Amersham, Piscataway, NJ). After 30 min of incubation at room temper-

ature, the reactions were stopped by adding 5 mL of 53 Laemmli sample

buffer (Laemmli, 1970), heated in a boiling water bath for 5 min, and

analyzed by 12.5% SDS-PAGE. Gels were vacuum dried and exposed to

x-ray film overnight.

Flow Cytometric Analysis of Endosperm Nuclei

Kernels from the center of developing ears segregating 1:1 for the

transgene were dissected to recover the embryo and the endosperm.

In some experiments, the embryos were rescued by tissue culture and

grown tomature plants (Dilkes et al., 2002). The endospermwas bisected

by cutting the kernel in half at the silk attachment site. One half of the

endosperm was frozen for subsequent genotype analysis based on

detection of theHA-epitope tag by immunoblotting. The other endosperm

half was analyzed by flow cytometry to assess the degree of nuclear

endoreduplication. Nuclei were released by chopping with a single-

edged razor blade in the presence of 0.8 mL of filtered ice cold PARTEC

buffer (200 mM Tris-HCl, pH 7.5, 4 mM MgCl2, and 0.1% Triton X-100)

(Dilkes et al., 2002). The homogenate was aspirated through two layers of

cheesecloth with a plastic pipette, passed through a 100-mm nylon mesh

placed in the tip of a 3-cc syringe, and collected in a 3-mL polystyrene

tube (Sarstedt 55.484; Newton, NC). The Petri dish was washed with an

additional 0.8 mL of PARTEC buffer, which was combined with the initial

nuclear extract. Nuclei were stainedwith 40mL of a 100mg/mL solution of

DAPI and analyzed with a PARTEC CCAII flow analyzer (PARTEC,

Münster, Germany). For each sample, at least 10,000 nuclei were

collected and analyzed using a logarithmic scale display. Each flow

cytometric histogram was saved with PARTEC CA3 software and

analyzed with WinMDI 2.8 software (available at http://facs.scripps.

edu/software.html). Mean C-value was calculated according to the

following equation: [(n3 3 3) þ (n6 3 6) þ (n12 3 12) þ . . .]/total number

of nuclei, where n3 ¼ total number of nuclei in the 3C peak, etc.

RNA Isolation and Blotting

To avoid carbohydrate contamination, RNA was isolated from 20-DAP

endosperms by a combination of phenol/chloroform extraction and the

TRIzol procedure (Invitrogen, Carlsbad, CA). Dissected endosperms from

CDKA-DN and control nontransgenic seeds were ground in RNA extrac-

tion buffer (50 mM Tris-HCl, pH 8.0, 150 mM LiCl, 5 mM EDTA, pH 8.0,

and 1% SDS in diethyl pyrocarbonate–treated water) (Prescott and

Martin, 1987) and incubated on ice for 5 min with an equal volume of

phenol-chlorophorm in a phase-lock tube (Eppendorf, Hamburg, Ger-

many). The sampleswere spun at room temperature for 10min (full speed)

in a microfuge and the aqueous phase re-extracted with an equal volume

of chloroform. The aqueous phase was transferred to a new tube and the

RNA extracted with 1 mL of TRIzol according to the manufacturer’s

directions. The RNA was dissolved in water, and 10 mg of each sample

was denatured and separated by electrophoresis in a 1.5% agarose gel

containing 0.66 M formaldehyde and blotted onto nylon membrane (MSI,

Westboro,MA). DNA probes for 22-kD a-zeins and 27-kD g-zeins (Hunter

et al., 2002), granule-bound starch synthase (waxy) (Shure et al., 1983),

and sucrose synthase (Geiser et al., 1980; Werr et al., 1985) were PCR

amplified with gene-specific primers. After analysis by agarose gel

electrophoresis, the amplified products were purified using a NucleoSpin

extraction kit (Clontech) and radioactively labeled using [a-32P]dCTP in

a random priming kit (Invitrogen). After RNA transfer, gel blots were

hybridized with 32P-labeled probes. Hybridizations were performed at

658C in a buffer containing 1.53 SSPE (13 SSPE is 0.18 M NaCl, 0.1 M

NaH2PO4, and 0.01 M EDTA, pH 7.7), 6% polyethylene glycol 8000, 1%

SDS, 1% nonfat dried milk (Carnation), 0.1% (v/v) diethyl pyrocarbonate,

and 30 mg/mL of freshly denatured salmon sperm DNA (Sabelli and

Shewry, 1993). After hybridization, the blots were washed once with 23

SSC (13 SSC is 0.15 M NaCl and 0.015 M Na citrate, pH 7) containing

0.1%SDS at room temperature, twicewith 13SSC containing 0.1%SDS

for 15 min at 658C, and finally with 0.13 SSC containing 0.1% SDS for

15 min at 658C. The filters were exposed to PhosphorImager screens for

varying periods of time, and the radioactive signals were measured with

a Storm 860 PhosphorImager (Molecular Dynamics, Sunnyvale, CA).

Semiquantitative RT-PCR Analysis of RNA Transcripts

RNA was isolated as described above and treated with DNase as

recommended by the manufacturer (Invitrogen). RT-PCR reactions were

performed with 25 ng of total RNA using the Titan One Tube RT-PCR

system (Roche, Hamburg, Germany) according to the manufacturer’s

protocol, with the exception that the reactions were supplemented with

0.7 mL of [a-32P]dATP (10 mCi/mL) (NEN, Boston, MA). Transgene-

specific amplification was achieved with a HA-tag annealing primer

(HATagF, 59-TACCCCTACGACGTGCCCGACTACGCC-39) and a down-

stream CDKA primer (CDC2R, 59-TCACTGTACCACTTCAAGGTC-39).

Actin and the endogenous CDKA were amplified using the following

primer combinations: ACT1F, 59-ATTCAGGTGATGGTGTGAGCCAC-

AC-39; ACT1R, 59-GCCACCGATCCAGACACTGTACTTCC-39; CDC2-F,

59-ATGGAGCAGTACGAGAAGGTGGAGAAG-39; CDC2R, 59-TCACTG-

TACCACTTCAAGGTC-39. The annealing temperature was 658C in all

cases; twenty cycles were used for amplification of actin and CDKA-DN

RNAs, and 25 cycles were used for the endogenous CDKA RNA. PCR

products were separated by electrophoresis in 4% (w/v) nondenaturing

acrylamide containing TBE, and the gel dried and exposed to x-ray film

or PhosphorImager screen. Radioactive signals were measured with

a Storm 860 PhosphorImager.

Analysis of Endosperm Proteins

Single degermed kernels from a mature 1:1 segregating BC3 ear were

used to determine the relative levels of zein proteins. Zein and nonzein

protein fractions were extracted as described by Wallace et al. (1990)

and analyzed by 12.5% SDS-PAGE. The amount of 27-kD g-zein was

estimated by the ELISA assay described by Moro et al. (1995). The

nonzein fraction was dissolved in 8 M urea and used to determine the

genotype of the corresponding kernel.

Nuclear Run-On Transcription Assay

The level of nuclear transcripts in CDKA-DN and nontransgenic control

endosperms at 20 DAP was estimated by in vitro transcription with

isolated nuclei. Nuclei from 2.5 g of freshly dissected endosperms of each

genotype were isolated by Percoll gradient centrifugation as previously

described (Luthe and Quatrano, 1980; Or et al., 1994). Endosperms were

chopped with a single edged razor blade in a Petri dish containing Honda

buffer (0.44M sucrose, 2.5%Ficoll, 5%Dextran-T40, 25mMTris-HCl, pH

8.5, 10mMMgCl2, 10mM2-mercaptoethanol, 0.5%TritonX-100, 0.1mM
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phenylmethylsulfonyl fluoride, and 2 mM spermidine) and freshly added

EDTA-free protease inhibitor cocktail (Roche). The homogenate was

filtered through two layers of cheesecloth, followed by filtration through

a 100-mm (pore size) nylon sheet. Nuclei were pelleted by centrifugation

at 6000g in a Sorvall HB4 rotor for 5 min at 48C, resuspended in 5 mL of

Honda buffer (minus spermidine), and carefully layered on 5-mL layers of

40, 60, and 80% Percoll in 0.45 M sucrose, 40 mM Tris-HCl, pH 7.5,

10 mM MgCl2, and 0.5% Triton X-100; the bottom of the gradient had

a cushion of 2.5M sucrose. After centrifugation at 6000g for 20min at 48C,

the nuclei were removed from the Percoll-sucrose interface and washed

twice with Honda buffer (minus spermidine) and another two times with

nuclei buffer (50 mM Tris-HCl, pH 8.5, 5 mM MgCl2, 50% glycerol, and

10 mM 2-mercaptoethanol). The purified nuclei were resuspended in

100 mL of transcription buffer (50 mM Tris-HCl, pH 8.5, 5 mM MgCl2,

50% glycerol, and 10 mM 2-mercaptoethanol) and added to the run-on

transcription assay. The in vitro transcription reaction and isolation of

nuclear RNA were performed as described by Dorweiler et al. (2000).

Total RNA products from each transcription reaction were used for filter

hybridization. Nitrocellulose filterswith slot blots of cDNAs corresponding

to CDKA (Colasanti et al., 1991), 19- and 22-kDa-zeins and 27-kD g-zeins

(Hunter et al., 2002), granule-bound starch synthase (waxy) (Shure et al.,

1983), sucrose synthase (Geiser et al., 1980; Werr et al., 1985), actin

(Dorweiler et al., 2000), and glyceraldehyde phosphate dehydrogenase

(Russell and Sachs, 1989) were prepared by immobilizing 100 ng of PCR-

amplified, gene-specific fragments for each sequence. Hybridization and

washing procedures were those described by Dorweiler et al. (2000).

Radioactivity was measured with a Storm 860 PhosphorImager and

analyzed with ImageQuaNT (Amersham) software. For comparison of

transcription levels in CDKA-DN and control nuclei, the background

hybridization to l phage DNA was subtracted from each probe signal

before normalizing to the radioactivity of the 22-kD a-zein. The 22-kD

a-zein was selected as a basis of comparison because the radioactive

signals were significantly above background and the radioactive

measurement of control and transgenic samples were similar. Run-on

transcription assays were repeated three times using three different ears

of each genotype. Comparable kernel samples from these ears were

analyzed by flow cytometry and found to contain reproducible C-values

for endoreduplicated nuclei.

DNA Isolation and Quantification

To estimate the amount of DNA at late stages of endosperm develop-

ment, 50 mg of flour from lyophilized 35-DAP CDKA-DN and control

endosperm was added to 500 mL of Sarcosyl extraction buffer (Tris-HCl,

pH 8.5, 100 mMNaCl, 200 mM EDTA, and 1% sarcosyl) and incubated at

room temperature for 10 min. Subsequently, an equal volume of phenol-

chloroform was added and mixed by vortexing. After transfer to a phase-

lock tube, the sampleswere incubated at room temperature for 5min, and

then the aqueous and organic phaseswere separated by centrifugation in

amicrofuge at 14,000 rpm for 10min. The aqueous phasewas transferred

to a new tube and incubated at 378C with 5 mL of RNase A (10 mg/mL).

The DNA was precipitated by adding 300 mL of isopropanol and in-

cubating at �808C for 30 min. After pelleting by centrifugation for 10 min

at top speed in a microfuge, the DNA was washed with 70% ethanol and

air dried, dissolved in 50 mL of TE (10 mM Tris-HCl and 1 mM EDTA, pH

8.0) and the concentration measured with PicoGreen (Molecular Probes,

Eugene, OR) according to the manufacturer’s instructions. DNA samples

of 1 mL were added to 100 mL of TE and 1 mL of PicoGreen in flat bottom

96-well plates. After 5 min, the plate was read with a PhosphorImager

(Molecular Dynamics) using blue fluorescence scanning. The DNA con-

centration was determined by ImageQuant software (Amersham) using

a standard curve of known l phage DNA concentrations (20 to 300 ng/mL).

To identify the transgenic endosperms, the remainder of the flour sample

was used for immunoblotting with HA antibody as previously described.

Microscopic Examination of Developing Endosperm

Kernels of uniform size were isolated from the middle of developing ears

and trimmed on both sides to form a 2- to 3-mm-thick longitudinalmedian

section containing the embryo. These slices were immediately fixed in

3.7% paraformaldehyde and 0.2% picric acid in 50 mM potassium

phosphate and 5 mM EGTA buffer at pH 6.8, which was prepared in

diethylpyrocarbonate-treated, double distilled water. The reminder of the

kernel tissues was frozen for subsequent genotyping based on HA-

immunoblotting, as previously described. After fixation for 3 to 4 h at room

temperature, the thick sections were washed in the same buffer for 1 to

2 h with three changes to fresh buffer and then processed through

a standard paraffin embedding procedure that included dehydration in

gradient ethanol, substitution with xylene, and gradual infiltration of

paraffin. Paraffin-embedded tissues were cut into 15-mm-thick sections

that were attached to Histogrip-coated (Zymed Laboratories, South San

Francisco, CA) glass slides. After microtome sectioning, comparable thin

sections were stained with DAPI to detect nuclei and Calcofluor-white to

visualize cell walls. Fluorescent images of kernels were collected at 103

magnification using a fluorescence microscope coupled to a CCD

camera, and serial images were stored and analyzed using Adobe

Photoshop (San Jose, CA). To measure the average cell cross-sectional

area (we assume the cells are roughly isodiametric), cells in the central

region of a longitudinal section from four 13-DAP and three 19-DAP

kernels were measured. To ensure that cells in comparable regions were

measured in all the kernels that were examined, the central region was

defined by placing a fixed area (1.37 mm2 at 13 DAP and 2.78 mm2 at

19 DAP) in the center of the endosperm, such that it was aligned vertically

by the left border of pedicel’s vasculature and horizontally at a fixed dis-

tance below the silk scar. The average cross-sectional area of central

endosperm cells was calculated by determining the number of cells

in this region divided by the total area.
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